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1.1. Background 
6HOHFWLYH /DVHU 0HOWLQJ 6/0 LV DQ $GGLWLYH
0DQXIDFWXULQJ $0SURFHVV WKDW FDQ EH SHUIRUPHG RQ
PHWDOOLF SRZGHUV RXW RI DXVWHQLWLF QLFNHOFKURPLXP
EDVHGVXSHUDOOR\VVXFKDV,QFRQHO,1DQGFDQ
IDEULFDWH FRPSRQHQWV ZLWK DOPRVW QR JHRPHWULFDO
UHVWULFWLRQV >@ :LWKLQ WKH FRQWH[W RI WKH 0(5/,1
SURMHFW ZKLFK IRFXVHV RQ FLYLO DHUR HQJLQH FRPSRQHQW
PDQXIDFWXULQJ D WZLQ FDQWLOHYHU ZLWK GLPHQVLRQV
îîPP KDV EHHQ PDQXIDFWXUHG ZLWK WKH 6/0
SURFHVVRXWRI,17KHILQDOJHRPHWU\GLVWRUWLRQDIWHU
VXSSRUW UHPRYDOZDVPHDVXUHG H[SHULPHQWDOO\ DQG WKH
FRUUHVSRQGLQJ UHVLGXDO VWUHVVHV DQG ILQDO JHRPHWU\
GLVWRUWLRQ ZHUH FDOFXODWHG E\ PHDQV RI WKHUPR
PHFKDQLFDODQDO\VLVZLWK WKH6<6:(/'ILQLWHHOHPHQW
)(VRIWZDUHSDFNDJHRIWKH(6,*URXS
7KHPDLQDLPRIWKLVSDSHULVWRHIIHFWLYHO\UHSOLFDWH
WKHSURFHVVKHDWHIIHFWV LQDFRPPHUFLDO)(SDFNDJH LQ
WHUPVRIPRGHOLQJHIIRUWDQGFRPSXWDWLRQWLPHLQRUGHU
WR DFKLHYH XVHIXO DQG UHOLDEOH UHVXOWV FRPSDUHG WR WKH
H[SHULPHQWDO PHDVXUHPHQWV 7KH FKDOOHQJH ULVHV IURP
WKHIDFWWKDWWKHWZLQFDQWLOHYHULVIRUPHGRIOD\HUV
HDFK OD\HU KDYLQJ D WKLFNQHVV RI ȝP ,Q WXUQ HDFK
OD\HUUHTXLUHVKXQGUHGVRIVFDQYHFWRUVZKLFKPDNHVLW
LPSUDFWLFDEOH WR PRGHO DQG H[HFXWH WKH VLPXODWLRQ
ZLWKRXW DSSURSULDWH VLPSOLILFDWLRQV EHFDXVH RI WKH KLJK
FRPSXWDWLRQWLPHDQGODUJHILOHVL]HVEHLQJSURGXFHG
7KHUH DUH QXPHURXV VWXGLHV ZKLFK LQYHVWLJDWH WKH
SURFHVVDQGPDWHULDOEHKDYLRURI$0>@:KLOH UHFHQW
OLWHUDWXUHVWXGLHVSURYLGHFRPSXWHGVWUHVVUHVXOWVRIODVHU
SURFHVVLQJ FRQVLGHULQJ HDFK VFDQ YHFWRU >@ WKHVH DUH
OLPLWHG LQ VPDOO VFDOH PRGHOV DQG RQO\ IHZ SURFHVVHG
OD\HUV GXH WR KLJK FRPSXWDWLRQ WLPH DQG UHTXLUHG
FRPSXWHU FDSDFLWLHV 7KH FDSDFLW\ UHTXLUHPHQWV DUH
SUHGRPLQDQWO\ GXH WR WKH YHU\ ILQH PHVK ZKLFK LV
QHFHVVDU\>@)LUVWDWWHPSWVWRWUDQVIHUORFDOKHDWHIIHFWV
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RQWR ODUJHU VFDOH PRGHOV DUH DOUHDG\ GHPRQVWUDWHG LQ
UHODWHG OLWHUDWXUH ZLWK IRFXV RQ WKH UHVLGXDO VWUHVV
GHYHORSPHQW>@
1.2. Motivation 
,QWKHFRQWH[WRIWKLVFRQWULEXWLRQWKHIRFXVLVSODFHG
QRW RQO\ RQ WKH FRPSXWDWLRQ RI WKH UHVLGXDO VWUHVV
GLVWULEXWLRQ EXW VSHFLILFDOO\ RQ WKH SUHGLFWLRQ RI VKDSH
GLVWRUWLRQV RI ZKROH PRGHOV SURFHVVHG E\ PHDQV RI
6/0 ([LVWLQJ OLWHUDWXUH SUHVHQWV WKH LQYHVWLJDWLRQ RI
UHVLGXDO VWUHVVHV DQG GHIRUPDWLRQ RI H[HPSODU\ 6/0
SURFHVVLQJRI IHZHU VFDQYHFWRUV LQ VPDOO VFDOHPRGHOV
>@%\PDQDJLQJWRSURYLGHUHOLDEOHQXPHULFDOUHVXOWV
RI WKHILQDOFRPSRQHQWVKDSHRI WKH WZLQFDQWLOHYHU WHVW
JHRPHWU\ WKH NQRZOHGJH JDLQHG ZLOO DOORZ IRU
WUDQVIHUULQJ DSSURSULDWH VLPSOLILFDWLRQV WR RWKHU ODUJHU
VFDOHPRGHOVIRUIXWXUHDSSOLFDWLRQV
,QRUGHUWRVLPSOLI\WKH)(PRGHOLQLWLDOO\DYROXPH
E\YROXPH 9%9 PHWKRG ZDV DGRSWHG ZKHUH WKUHH
OD\HUVZHUHVLPXOWDQHRXVO\EURXJKWWRPHOWE\DSSO\LQJ
DQHTXLYDOHQWWHPSHUDWXUHLQSXWRQWKHPHWDOOLFSRZGHU
7KH VLPXODWLRQ FRQVLVWHG LQ WZR VWDJHV 7KH ILUVW VWDJH
LQYROYHG WKH DFWXDO WZLQ FDQWLOHYHUPDQXIDFWXULQJ RQ D
VXEVWUDWH ZLWK WKH DLG RI VXLWDEOH VXSSRUWV 7KHUHDIWHU
WKH VXSSRUWV ZHUH FXW DIWHU WKH HQG RI WKH SURFHVV E\
ZLUH('0 HOHFWULFDO GLVFKDUJH PDFKLQLQJ 7KHUHIRUH
RQWKHVHFRQGVWDJHRIWKHVLPXODWLRQWKHVXSSRUWVZHUH
UHPRYHG WRDOORZD VSULQJEDFN WR WKHFRPSRQHQW ILQDO
VKDSHGXHWRWKHUHOHDVHRIWKHUHVLGXDOVWUHVVHVLQGXFHG
LQ WKH FRPSRQHQW GXULQJ 6/0 SURFHVVLQJ >@ 7KLV
PRGHOLQJ PHWKRG ZDV SHUIRUPHG ERWK RQ D IXOO DQG D
V\PPHWULFPRGHO ,Q RUGHU WR HYDOXDWHPRGHOLQJ GHWDLO
DQG FRPSXWDWLRQDO WLPH YV UHVXOW DFFXUDF\ D OD\HUE\
OD\HU/%/PHWKRGLVDOVRFXUUHQWO\DGRSWHGZKHUHRQH
OD\HULQVWHDGRIWKUHHOD\HUVLVEURXJKWWRPHOW
%DVHGRQZRUNGRQHE\WKHDXWKRUVWKHUHVXOWVRIWKH
9%9PHWKRGIRUWKHV\PPHWULFDQGIXOOPRGHOLQGLFDWHG
VLPLODU UHVXOWV WKHUHIRUH IRU WKH /%/ PHWKRG PHUHO\
V\PPHWU\FRQGLWLRQVDGRSWHG$GGLWLRQDOO\DVHQVLWLYLW\
DQDO\VLV E\ YDU\LQJ WKH WZLQ FDQWLOHYHU WKLFNQHVV ZDV
FRQGXFWHG VR WKDW WKHFRPSXWHGGLVWRUWLRQ UHVXOWV FRXOG
EHHVWLPDWHG
3URFHVV'HVFULSWLRQ
2.1. Process parameters and material properties 
7KH PDLQ SURFHVV SDUDPHWHUV WKDW ZHUH WDNHQ LQWR
DFFRXQWIRUWKHH[SHULPHQWVDQGZHUHDOVRFRQVLGHUHGLQ
WKHILQLWHHOHPHQWPRGHOZHUHWKHODVHUSRZHU:EHDP
GLDPHWHU ȝP DQG WKH VFDQQLQJ VSHHG PPV ,Q
DGGLWLRQ WKH JHRPHWULFDO SURSHUWLHVVFDQ VWUDWHJ\ RI WKH
OD\HUEHLQJSURFHVVHGVXFKDV WKHWKLFNQHVVȝPKDWFK
GLVWDQFH ȝPDQGDQJOH LQFUHPHQW RZHUHFRQVLGHUHG
>@
%DVHGRQ WKHSDUDPHWHUVPHQWLRQHGD*DXVVLDQKHDW
VRXUFHPRGHO>@ZDVH[DPLQHGWRHVWDEOLVKWKHSURSHU
SURFHVV SDUDPHWHUV ZKLFK ZRXOG SURYLGH WKH GHVLUHG
PROWHQ SRRO JHRPHWU\ ODWHU LQ WKH VLPXODWLRQV 7KH
OHQJWKWRZLGWKUDWLRRIWKHZHOGSRROSURYHGWRLQFUHDVH
E\LQFUHDVLQJWKHODVHUVSHHGZKLFKDJUHHVZLWKDOUHDG\
SXEOLVKHGOLWHUDWXUH>@
*LYHQWKDWWKHPROWHQSRROLVIRUPHGIURPWKHPHOWHG
SRZGHU DQG WKH UHPHOWHG XQGHUO\LQJ VROLG FRPSRQHQW
WKHPDWHULDOSURSHUWLHVKDYHD VLJQLILFDQW LPSDFWRQ WKH
PROWHQ SRRO IRUPDWLRQ 7KH VROLG PDWHULDO SURSHUWLHV
ZHUH LQFRUSRUDWHG LQ WKH VRIWZDUH DQG WKH SRZGHU
PDWHULDOSURSHUWLHVZHUHWDNHQIURP%LFHURJOXHWDO>@
7KHWHPSHUDWXUHGHSHQGDQWWKHUPDOSURSHUWLHVRI,1
QHFHVVDU\ IRU WKH VLPXODWLRQV DUH SUHVHQWHG LQ 7DEOH 
%HVLGH WKH WKHUPDO PDWHULDO GDWD WKH PHFKDQLFDO
SURSHUWLHV LH <RXQJ
V PRGXOXV \LHOG VWUHVV WHQVLOH
VWUHQJWKSRLVRQUDWLRDQGWKHUPDOH[SDQVLRQXVHGIRUD
VXFFHVVLYH WKH WKHUPRPHFKDQLFDO VLPXODWLRQ DUH DOVR
GHPRQVWUDWHGLQ7DEOH
7DEOH,1PDWHULDOSURSHUWLHV
 3RZGHU>@ 6ROLG 8QLWV
 R& R& R& R& R& 
7KHUPDOSURSHUWLHV  
6SHFLIKHDW      -NJā.
7KHUFRQGXFW      :Pā.
'HQVLW\      NJP
0HFKDQLFDOSURSHUWLHV    
<RXQJ
V
PRG
     *3D
<LHOGVWU      *3D
7HQVLOHVWU      *3D
3RLVVRQUDWLR      
7KHUPDOH[S      PP
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2.2. Experimental Performance 
7KHWZLQFDQWLOHYHUZDVH[SHULPHQWDOO\PDQXIDFWXUHG
RQDVXEVWUDWHE\PHDQVRI6/0E\WKH)UDXQKRIHU,/7
LQ $DFKHQ *HUPDQ\ 6XEVHTXHQWO\ WKH VXSSRUWV ZHUH
FXW E\ PHDQV RI ZLUH('0 HOHFWULFDO GLVFKDUJH
PDFKLQLQJ UHVXOWLQJ WR WKH FRPSRQHQW UHVWLQJ WR LWV
ILQDOVKDSHDVVKRZQVFKHPDWLFDOO\LQ)LJD&RQWLQXLQJ
WKH ILQDO VKDSH GLVWRUWLRQZDVPHDVXUHG H[SHULPHQWDOO\
XVLQJ D SHUWKRPHWHU7KH DUURZV LQ )LJEGHPRQVWUDWH
WKH GLUHFWLRQ RI VSULQJ EDFN REVHUYHG 7KH PD[LPXP
GLVWRUWLRQRQWKHWZLQFDQWLOHYHUHGJHLVDSSUR[PP
ZLWKDPHDVXULQJDFFXUDF\RIPP
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Substrate Measuringpoint
Support Twincantilever Electrode Distortion
5mm 
)LJ)LQDOVKDSHGLVWRUWLRQDIWHUVXSSRUWFXWWLQJ
0RGHOLQJPHWKRGRORJ\
3.1. Heat input reduction method 
'XH WR WKH FRPSOH[LW\ RI WKH SURFHVV LW SURYHG
QHFHVVDU\ WR GHYHORS D UHOLDEOH PRGHOLQJ UHGXFWLRQ
DSSURDFK 7R GHYHORS WKLV NLQG RI DSSURDFK WKH DFWXDO
SURFHVVZDVLQLWLDOO\UHSOLFDWHGRQDUHFWDQJXODUEORFNRQ
ZKLFK ILYH OD\HUV RI PDWHULDO ZHUH IDEULFDWHG 7KLV
SURFHVV FRQVLVWHG RI D ODVHUEHDPZKLFKZDV WUDYHOOLQJ
DORQJ WKH WUDMHFWRULHV WKDW IDEULFDWHG HDFK OD\HU 7KH
PRYHPHQW RI WKH ODVHU EHDP LPSRVHG WKH WUDQVLHQW
IRUPDWLRQRI WKHZHOGSRRO7KLVKDVDOORZHG WRH[WUDFW
RXWSXWV FRQFHUQLQJ WKH PDWHULDO SKDVH WUDQVIRUPDWLRQ
IURP SRZGHU WR VROLG DIWHU PHOWLQJ DQG VROLGLILFDWLRQ
EDVHG RQ D UHDFWLRQ NLQHWLF PDWHULDO PRGHO >@ 7KH
WHPSHUDWXUH GLVWULEXWLRQ ZDV DOVR FRPSXWHG DQG IURP
WKDW WKH WHPSHUDWXUH KLVWRU\ RQ D FHQWUDO SRLQW RI WKH
WUDMHFWRU\ZDVUHFRUGHGZKLFKZDVXVHGDVDORDGIRUWKH
UHGXFHGPRGHOVVXEVWLWXWLQJWKHODVHUEHDP
7KHILUVWVWHSRIWKHUHGXFWLRQDSSURDFKZDVWRDSSO\
WKH WHPSHUDWXUH ORDG RQ D YHFWRUE\YHFWRU EDVLV 7KLV
LQGLFDWHV WKDW D WHPSHUDWXUH ORDGZDV DSSOLHG RQ HYHU\
WUDMHFWRU\ ZKLFK ZDV SUHYLRXVO\ XVHG IRU WKH PRYLQJ
KHDW VRXUFH 0+6 PRGHO (DFK WLPH WKH WHPSHUDWXUH
ORDGZDVDSSOLHGRQWKHHQWLUHOHQJWKRIWKHWUDMHFWRU\
2Q WKH VHFRQG VWHS RI WKH UHGXFWLRQ DSSURDFK WKH
WHPSHUDWXUH ORDGZDVDSSOLHGRQD OD\HUE\OD\HUEDVLV
ZLWK HDFK OD\HU LQFOXGLQJ WKH WKHUPDO LQSXW RI VHYHUDO
VFDQQLQJYHFWRUVLQWKHUHDOH[SHULPHQWV
7KHSURSRVHGPHWKRGLVGHVFULEHGLQIXUWKHUGHWDLOLQ
>@DQGLVSUHVHQWHGLQ)LJ

$FWXDO3URFHVV
'PRYLQJKHDWVRXUFH
+HDWLQSXW
¾%HDPGLDPHWHU
¾/DVHUSRZHU
¾6FDQVSHHG
0HOWSRROWUDQVLHQW
IRUPDWLRQ
¾'HSWK
¾:LGWK
¾/HQJWK
2XWSXW
¾3KDVHWUDQVIRUPDWLRQ
¾7HPSHUDWXUHGLVWULEXWLRQ
¾7HPSHUDWXUHKLVWRU\RQ
FHQWUDOSRLQWRQWUDMHFWRU\
5HGXFHGPRGHOV
¾7HPSHUDWXUHKLVWRU\RQFHQWUDOSRLQWRQWUDMHFWRU\XVHGDVDQLQSXW
9HFWRUE\YHFWRU
¾,QSXWDSSOLHGRQ
HDFKYHFWRU
/D\HUE\OD\HU
¾,QSXWDSSOLHGRQHDFKOD\HU
¾(DFKOD\HUFDQKDYHPXOWLSOHYHFWRUV
¾0XOWLSOHOD\HUFDQEHPDQXIDFWXUHG
VLPXOWDQHRXVO\YROXPHE\YROXPH
5HGXFHGPRGHOVHOHFWLRQ
2XWSXWUHVXOWVFRPSDUHGWRHVWLPDWHWKHPRVWVXLWDEOHPRGHOLQWHUPVRI
¾5HVXOWVDFFXUDF\RIUHGXFHGPRGHOVFRPSDUHGWRWKHDFWXDOSURFHVVRXWSXW
¾3&UHTXLUHPHQWVLQWHUPVRIFRPSXWLQJWLPHDQGVWRUDJHFDSDFLW\UHTXLUHG 
)LJ0HWKRGRORJ\IRUWKHKHDWLQSXWUHGXFWLRQPRGHOLQJ
3.2. Multi layer modeling approach 
,QWHUPVRIWKHFULWHULDVHWIRUWKHKHDWLQSXWPRGHOLQJ
UHGXFWLRQWKHOD\HUE\OD\HUDSSURDFKZDVVHOHFWHG7KH
FULWHULDLQYROYHGWKHFRPSXWLQJSRZHUUHTXLUHPHQWVDQG
WKHUHVXOWVDFFXUDF\RIWKHUHGXFHGPRGHOVFRPSDUHGWR
WKH ' PRYLQJ KHDW VRXUFH PRGHO 7KH UHVXOWV
FRPSDULVRQLQYROYHGWKHUPDODQGPHFKDQLFDOHIIHFWV
7KH OD\HUE\OD\HU DSSURDFK ZDV UHGXFHG HYHQ
IXUWKHU E\ IDEULFDWLQJPXOWLSOH OD\HUV HDFK WLPH ,WZDV
HVWDEOLVKHG WKDW E\ IDEULFDWLQJ WKUHH OD\HUV HDFK WLPH
FRQVLGHUDEOH FRPSXWLQJ SRZHU VDYLQJV DQG UHDVRQDEOH
UHVXOWVZHUHDFKLHYHG>@
)XUWKHUPRUH WR DWWDLQ RSWLPDO DFFXUDF\ DFFRUGLQJ WR
WKHUHDOSURFHVVVSHFLILFFRQYHFWLRQZDVDSSOLHGIRUWKH
VXUURXQGLQJ SRZGHU DQG WKH H[SRVHG WRS OD\HU
LQGLYLGXDOO\>@
3.3. Thermo-mechanical simulation and spring back 
)RU WKLV SDUW WKH GHYHORSHG UHGXFWLRQ DSSURDFKZDV
WUDQVIHUUHGRQ WKH WZLQ FDQWLOHYHU'XH WR WKHQDWXUHRI
WKH6/0SURFHVV WKH FDQWLOHYHUZDVPDQXIDFWXUHGZLWK
VXSSRUWV >@ ZKLFK ZHUH UHPRYHG ZLWK WKH DLG RI DQ
HOHFWURGH ZLUH('0 DIWHU PDQXIDFWXULQJ DQG FRRO
GRZQ 7KLV SURFHVV KDG WR EH LQFOXGHG LQ WKH
VLPXODWLRQVLQRUGHUWRUHSOLFDWHWKHVSULQJEDFN
7KH VXEVWUDWH RQ ZKLFK WKH FRPSRQHQW ZDV
PDQXIDFWXUHG ZDV DOVR LQFOXGHG LQ WKH )( PRGHOV ,Q
DGGLWLRQ WKH JHRPHWU\ RI WKH FRPSRQHQW DOORZHG WR
DSSO\V\PPHWULFERXQGDU\FRQGLWLRQVDVVKRZQLQ)LJD
IRUWKHVLGHYLHZDQG)LJEIRUWKHWRSYLHZ

(a)
(b)
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)LJ)(PRGHORIWKHWZLQFDQWLOHYHUZLWKV\PPHWU\FRQGLWLRQV
7R VLPXODWH WKH ILQDO GLVWRUWLRQ RI WKH FRPSRQHQW
DIWHU WKHPDWHULDO UHPRYDO WKH VWDWH RI HTXLOLEULXP LH
VSULQJ EDFN ZDV FDOFXODWHG $IWHU WKH PDLQ SURFHVV
VLPXODWLRQ WKH HOHPHQWV DW WKH SRLQW RI FXWWLQJ ZHUH
UHPRYHG ZKLOVW WKH VWUHVVHV DQG ILQDO WHPSHUDWXUH
GLVWULEXWLRQLQWKHFRPSRQHQWDWWKHHQGRIWKHSUHYLRXV
VLPXODWLRQ ZHUH PDLQWDLQHG $W D ODWHU VWHS WKH
VLPXODWLRQZDV UHVWDUWHG DQG WKHPHQWLRQHG FRQGLWLRQV
IRUFHG WKH FRPSRQHQW WR LWV ILQDO VKDSH SURYLGLQJ D
UHOD[DWLRQRIUHVLGXDOVWUHVVHV>@
6LPXODWLRQSDUDPHWHUVHQVLWLYLW\DQDO\VLV
4.1. Model validation 
1RW RQO\ WKH FRPSXWHU FDSDFLW\ UHTXLUHPHQWV DUH RI
LPSRUWDQFH EXW DOVR WKH UHOLDELOLW\ RI WKH PHWKRG
SURGXFHGZKLFKFDQHVVHQWLDOO\EHDSSOLHGLQWKHGHVLJQ
SKDVH >@ 7KH UHOLDELOLW\ LV H[DPLQHGZLWK WKHPRGHO
YDOLGDWLRQ
7KH PRGHO ZDV HIIHFWLYHO\ YDOLGDWHG IURP WKH
H[SHULPHQWDO GDWD 7KH YHUWLFDO GLVSODFHPHQW ZDV
PHDVXUHGRQDSDWKDWWKHWRSRIWKHWZLQFDQWLOHYHUZLWK
DVWHSRIPPIURPWKHSRLQWRIV\PPHWU\WRWKHULJKW
VLGHRIWKHFRPSRQHQWDVLOOXVWUDWHGLQ)LJ
$VVHHQLQ)LJWKHUHLVDPD[LPXPGLIIHUHQFH
LQWKHUHVXOWVRQWKHULJKWVLGHRIWKHFRPSRQHQW7KLVLV
DFFHSWDEOH VLQFH LW KDV WR GR ZLWK WKH PRGHOLQJ
UHGXFWLRQ DSSURDFK DQG WKH IDFW WKDW WKUHH OD\HUV DUH
EHLQJ IDEULFDWHG VLPXOWDQHRXVO\ LQ WKH VLPXODWLRQ
1HYHUWKHOHVV WKLV LV DFFHSWDEOH IRU WKLV LQYHVWLJDWLRQ
EHFDXVH LWGHPRQVWUDWHV WKHEHKDYLRURI WKHSURFHVV IRU
WKH SDUDPHWULF VWXG\ WKDW IROORZV 0RGHOLQJ DQG
VLPXODWLRQRIDVLQJOHOD\HUE\OD\HUDSSURDFKZRXOGQRW
RIIHU DQ\ ZRUWKZKLOH EHQHILWV DW WKLV SRLQW RI WKH
UHVHDUFKEXWLWLVSODQQHGDVDIXWXUHZRUNWRLQYHVWLJDWH
DQ\SRWHQWLDOEHQHILWV

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/HQJWKPP
([SHULPHQWDOHUURU
([SHULPHQW
6LPXODWLRQ6\P
6\PPHWU\
ORFDWLRQ
5LJKW
VLGH
0HDVXULQJ
SDWK
5LJKW
VLGH

)LJ&RPSDULVRQRIQXPHULFDODQGH[SHULPHQWDOUHVXOWV
7KH ILQDO GLVWRUWLRQ LQ WKH EXLOGXS GLUHFWLRQ DV
HVWLPDWHG DIWHU WKH VSULQJ EDFN IURP WKH QXPHULFDO
PRGHOV LV GHPRQVWUDWHG LQ )LJ 7KH ERXQGDU\
FRQGLWLRQV VHW GR QRW DOORZ DQ\ GLVSODFHPHQW RQ WKH
VXEVWUDWH LH WKH VXEVWUDWH LV PRXQWHG RQ WKH ZRUNLQJ
EHQFK
Nodisplacementonsubstrate
[mm]

)LJ)LQDOGLVWRUWLRQLQWKHEXLOGXSGLUHFWLRQ
4.2. Variation of the horizontal part thickness 
,Q WKHSDUDPHWHU VHQVLWLYLW\ DQDO\VLV WKH WKLFNQHVVRI
WKHWRSKRUL]RQWDOSDUWRIWKHFDQWLOHYHUZDVYDULHG7KH
RULJLQDO VLPXODWLRQZLWK D WKLFNQHVVRI PRI WKH
WZLQ FDQWLOHYHU ZDV WDNHQ DV D UHIHUHQFH SRLQW DQG
VLPXODWLRQVUDQJLQJIURPȝPWRȝPWKLFNQHVV
GLIIHUHQFHZHUHSHUIRUPHGZLWKDQLQFUHPHQWRIP
DVLOOXVWUDWHGLQ)LJ
%\ DOWHULQJ WKH WKLFNQHVV D GLUHFW HIIHFW RQ WZR
SDUDPHWHUV LV FDXVHG 3ULPDULO\ WKH VWLIIQHVV RI WKH
KRUL]RQWDOSDUWDQGVXEVHTXHQWO\WKHWRWDOKHDWLQSXW
,W LV DSSDUHQW IURP )LJ WKDW D SUHGLFWLRQ RI WKH
LQFUHDVH RU GHFUHDVH RI VKDSH GLVWRUWLRQ LV QRW
VWUDLJKWIRUZDUGEXWDFRPSOH[UHODWLRQRIWKHPHQWLRQHG
SDUDPHWHUV )RU H[DPSOH E\ UHGXFLQJ WKH FRPSRQHQW
WKLFNQHVV FRPSDUHG WR WKH RULJLQDO PRGHO WKH VKDSH
GLVWRUWLRQ LV LQLWLDOO\ UHGXFHG +RZHYHU ZLWK D KLJKHU
UHGXFWLRQ RI WKH FRPSRQHQW WKLFNQHVV D JUHDWHU VKDSH
(a)Sideview
E7RSYLHZ
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GLVWRUWLRQLVREVHUYHG7KLVLVHYLGHQWO\VKRZQHVSHFLDOO\
ZLWKWKHPPRGHO
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/HQJWKPP 5LJKWVLGH
7KLFN FRPSRQHQWV
 ʅP
0LQLPXPGLVWRUWLRQ
 ʅP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ʅm
7KLQ FRPSRQHQW
ʅP
ʅm

)LJ  6LPXODWLRQ UHVXOWV VKRZLQJ WKH GLVWRUWLRQ OLPLWV IRU GLIIHUHQW
WKLFNQHVVRIWKHWZLQFDQWLOHYHU
4.3. Significance of parameters 
,Q WKLV VHFWLRQ IXUWKHU GHWDLOV RQ WKH HIIHFW RI HDFK
SDUDPHWHU RQ WKH ILQDO VKDSH GLVWRUWLRQ DUH GLVFXVVHG
6WDUWLQJIURPWKHVWLIIQHVVDQGKHDWLQSXWRIWKHUHIHUHQFH
PRGHO WKH SHUFHQWDJH YDULDWLRQ RI HDFK RI WKHVH
SDUDPHWHUV ZDV FDOFXODWHG 7KH FRPELQDWLRQ RI WKHVH
YDULDWLRQVSURYHGDQHIIHFWRQWKHGLVWRUWLRQREVHUYHGDW
WKHHGJHRIWKHFDQWLOHYHUDVLOOXVWUDWHGLQ)LJ

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GLVWRUWLRQ
5HIHUHQFHSRLQW
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
)LJ3DUDPHWHUVYDULDWLRQZLWKUHVSHFWWRGLVWRUWLRQ
$FFRUGLQJ WR )LJ WKH UHIHUHQFH SRLQW VLJQLILHV WKH
VLPXODWLRQDVSUHVHQWHGLQ)LJ$WWKHVSHFLILFSRLQWWKH
PD[LPXP GLVWRUWLRQ UHVXOWLQJ IURP WKH WKLFN
FRPSRQHQWV LH WKLFNQHVV LQFUHDVHGKDVDOUHDG\EHLQJ
UHDFKHG DQG IRU WKH UDQJH RI WKLFNQHVVHV WHVWHG WKH
GLVWRUWLRQ UHPDLQV FRQVWDQW7KLV LV GXH WR WKH IDFW WKDW
HYHQ WKRXJK WKH WRWDO KHDW LQSXW FRQWLQXHV WR LQFUHDVH
WKHVWLIIQHVVKDVUHDFKDVXIILFLHQWYDOXHZKLFKGRHVQRW
DOORZDQ\IXUWKHULQFUHDVHRIGLVWRUWLRQ
2Q WKH OHIW VLGH RI WKH UHIHUHQFH ORFDWLRQ DQG
VSHFLILFDOO\EHORZPWKHUHLVDVLJQLILFDQWGHFUHDVH
RI GLVWRUWLRQ 7KHPLQLPXP GLVWRUWLRQ LV DFKLHYHG DW D
WKLFNHQV UHGXFWLRQ RI P $W WKH VSHFLILF SRLQW
DOWKRXJKWKHUHLVHQRXJKKHDWWRFDXVHGLVWRUWLRQWKHUHLV
DGHTXDWH VWLIIQHVV LQ WKH FRPSRQHQW WR NHHS WKH
GLVWRUWLRQWRDPLQLPXPYDOXH
&RQWLQXLQJE\UHGXFLQJWKHWKLFNQHVVHYHQIXUWKHUWR
DYDOXHEHORZPWKHGLVWRUWLRQLVEHLQJLQFUHDVHG
DJDLQ SDUWLFXODUO\ EHORZ P 7KLV LV VLQFH WKH
VWLIIQHVV KDV EHHQ UHGXFHG VLJQLILFDQWO\ WKHUHIRUH OHVV
KHDW WKDQ EHIRUH FDQ SURYLGH JUHDWHU GLVWRUWLRQ 7KH
PD[LPXP GLVWRUWLRQ LV REVHUYHG DW P DV WKH
PDWHULDOLVYHU\WKLQVRWKDWWKHVWLIIQHVVLVPLQLPL]HG
$QRWKHUSDUDPHWHUWKDWFDQKDYHDQHIIHFWRQWKHILQDO
GLVWRUWLRQ FDOFXODWLRQ LV WKH GLVWULEXWLRQ RI WKH UHVLGXDO
VWUHVVHV >@ ZKLFK FDQ YDU\ EDVHG RQ WKH PHWKRGV
DSSOLHG IRU WKH VLPXODWLRQV 0+6 /%/ 9%9 7KH
UHVLGXDO VWUHVVHV RQ D EDVLF UHFWDQJXODU FRPSRQHQW DUH
SUHVHQWHGLQ)LJZKHUHWKHGDVKHGOLQHVLQWKHPRGHOV
VHSDUDWH WKH VXEVWUDWH ERWWRP UHJLRQ IURP WKH

PDQXIDFWXUHG
SDUWWRSUHJLRQ


)LJ5HVLGXDOVWUHVVGLVWULEXWLRQZLWKWKH0+6/%/DQG9%9
PRGHOLQJPHWKRG
,Q WKH WRS UHJLRQ RI WKH WKUHHPRGHOV LW LV REVHUYHG
WKDW WKH VWUHVVHV SURYLGHG E\ WKH /%/ PHWKRG UDWKHU
WKDQ WKH 9%9 DUH LQFUHDVHG DQG DSSURDFK WKH VWUHVV
GLVWULEXWLRQ RI WKH 0+6 PHWKRG 7KH DGRSWLRQ RI WKH
/%/ PHWKRG ZLWK LQFUHDVHG YDOXHV RI WKH VWUHVVHV
FRPSDUHGWRWKH9%9PHWKRGFDQUHVXOW WRDQLQFUHDVH
RI WKH ILQDO GLVWRUWLRQ DIWHU WKH VXSSRUW UHPRYDO IRU WKH
VWXGLHG WZLQ FDQWLOHYHU %DVHG RQ WKDW WKH QXPHULFDO
GLVWRUWLRQ UHVXOWV DUH H[SHFWHG WR LPSURYH IXUWKHU ZLWK
WKH/%/VLPXODWLRQPHWKRG
6XPPDU\DQG2XWORRN
,Q WKLV SDSHU D KHDW LQSXW UHGXFWLRQ PRGHO ZDV
XWLOL]HG WRHVWLPDWH WKH VKDSHGLVWRUWLRQDQGFRPSRQHQW
EHKDYLRU DIWHU LW KDV EHHQ GHWDFKHG IURP WKH VXSSRUWV
DQGWKHVXEVWUDWH
$ UHIHUHQFH H[SHULPHQW ZDV XWLOL]HG WR HYDOXDWH WKH
QXPHULFDO PRGHO 7KH PD[LPXP GHYLDWLRQ EHWZHHQ
QXPHULFDODQGH[SHULPHQWDOUHVXOWVZDVDQGLWZDV
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REVHUYHG DW WKH HGJH RI WKH FDQWLOHYHU DIWHU WKH VSULQJ
EDFN VLPXODWLRQ 7KLV HUURU ZDV OLQNHG ZLWK WKH
UHGXFWLRQDSSURDFKVLQFHWKHDSSURDFKVHOHFWHGQHJOHFWV
VRPHORFDOHIIHFWVLQHDFKOD\HULHWKHGHYHORSPHQWRI
WKH UHVLGXDO VWUHVVHV GLVWULEXWLRQ ZLWK KLJK EHQHILWV LQ
UHTXLUHG FRPSXWLQJ FDSDFLW\ +RZHYHU WKLV ZDV
DGHTXDWH WR GHPRQVWUDWH WKH HIIHFWV RI WKH WRWDO KHDW
LQSXW DQG VWLIIQHVV ZKLFK ZHUH LQYROYHG LQ WKH
SDUDPHWHUVWXG\
7KHSDUDPHWULFVWXG\UHYHDOHGWKDWWKHUHLVDFRPSOH[
UHODWLRQEHWZHHQWKHFRPSRQHQWWKLFNQHVVDQGWRWDOKHDW
LQSXW DQG WKDW WKH ILQDO GLVWRUWLRQ LV EDVHG RQ WKH
HTXLOLEULXPUHDFKHGE\WKHWZRSDUDPHWHUV
7R VXPPDUL]H E\ DSSO\LQJ DSSURSULDWH DVVXPSWLRQV
DQG VLPSOLILFDWLRQV LW LV SRVVLEOH WR FRPSXWH WKH
DFFHSWDEOH WHQGHQF\ RI WKH GLVWRUWLRQ GHYHORSPHQW RI
FRPSRQHQWV DIWHU WKHLU VXSSRUW UHPRYDO ZLWK WKH
SRWHQWLDO WRUHDFKDJRRGDJUHHPHQWZLWKPHDVXUHPHQWV
ZKHQ DSSO\LQJ FHUWDLQ PRGHO UHILQHPHQWV ZKLFK FDQ
IDFLOLWDWH LQPDNLQJ SURSHU GHFLVLRQV LQ WKH FRPSRQHQW
GHYHORSPHQWXVLQJ6/0
)XWXUHZRUN LV FXUUHQWO\SODQQHGZKLFK LQFOXGHV WKH
IROORZLQJ
x $WWHPSW WR VLPXODWH WKH SURFHVV ZLWK D SUHEHQW
FRPSRQHQW JHRPHWU\ DV VKRZQ LQ >@ LH WKH
FRPSRQHQW ZLOO EH PRGHOHG ZLWK WKH RSSRVLWH
GLVWRUWLRQ VKDSH VR WKDW VKDSH GLVWRUWLRQV FDQ EH
FRPSHQVDWHG DQG WKH ILQDO VKDSH GLVWRUWLRQ FDQ EH
FRXQWHUDFWHG
x 3HUIRUPVLPXODWLRQVZLWK WKLFNHUPRGHOVRI WKH WZLQ
FDQWLOHYHU HJPPDQGPPDQGFRPSDUH WKH
UHVXOWVZLWKH[SHULPHQWV
x 6LPXODWLRQRIDVLQJOHOD\HUE\OD\HU/%/DSSURDFK
LQVWHDGRIDVLPXOWDQHRXVWKUHHOD\HUWRLQYHVWLJDWH
WKHSRWHQWLDOUHVXOWVLPSURYHPHQWVZLWKUHVSHFWWRWKH
DGGLWLRQDOUHFRXUVHVUHTXLUHG
$FNQRZOHGJHPHQWV
7KHLQYHVWLJDWLRQVDQGUHVXOWVSUHVHQWHGLQWKLVSDSHU
ZHUH DFFRPSOLVKHG LQ WKH IUDPHZRUN RI WKH 0(5/,1
3URMHFWZKLFK KDV UHFHLYHG IXQGLQJ IURP WKH (XURSHDQ
&RPPLVVLRQ
V WK )UDPHZRUN 3URJUDPPH )3 
XQGHUWKHJUDQWDJUHHPHQW
/LQNWRWKHSURMHFWZHEVLWHZZZPHUOLQSURMHFWHX
7KH DXWKRUV ZRXOG DOVR OLNH WR DFNQRZOHGJH WKH
&\SUXV ,QVWLWXWH IRU SURYLGLQJ WKH KLJK SHUIRUPDQFH
FRPSXWDWLRQIDFLOLWLHVIRUWKHVLPXODWLRQZRUNSUHVHQWHG
5HIHUHQFHV
 (<DVD-3.UXWK$SSOLFDWLRQRI/DVHU5H0HOWLQJRQ
6HOHFWLYH/DVHU0HOWLQJ3DUWV$GYDQFHVLQ3URGXFWLRQ
(QJLQHHULQJ	0DQDJHPHQW-RXUQDO9ROXPHS
 :0HLQHUV&2YHU.:LVVHQEDFK53RSUDZH'LUHFW
*HQHUDWLRQRI0HWDO3DUWVDQG7RROVE\6HOHFWLYH/DVHU3RZGHU
5HPHOWLQJ6/35,Q3URF6ROLG)UHHIRUP)DEULFDWLRQ
6\PSRVLXP8QLYHUVLW\RI7H[DV$XVWLQ86$
 -3.UXWK0%DGURVVDPD\(<DVD-'HFNHUV/7KLMV-9DQ
+XPEHHFN3DUWDQGPDWHULDOSURSHUWLHVLQVHOHFWLYHODVHU
PHOWLQJRIPHWDOV,QWK,QWHUQDWLRQDO6\PSRVLXPRQ
(OHFWURPDFKLQLQJ,6(0;9,6KDQJKDL&KLQD
 1&RQWX]]L6/&DPSDQHOOL$'/XGRYLFR')LQLWH
(OHPHQW$QDO\VLVLQWKH6HOHFWLYH/DVHU0HOWLQJ3URFHVV
,QWHUQDWLRQDO-RXUQDORI6LPXODWLRQ0RGHOOLQJ9ROXPH
S
 &(PPHOPDQQ03HWHUVHQ$*RHNH/DVHU)UHHIRUP
)DEULFDWLRQIRU$LUFUDIW$SSOLFDWLRQV,Q3URFWKLQWHUQ:/7
&RQIRQ/DVHUVLQ0DQXIDFWXULQJ-XQH0XQLFK*HUPDQ\
 0)=DHK*%UDQQHU,QYHVWLJDWLRQVRQUHVLGXDOVWUHVVHV
DQGGHIRUPDWLRQVLQVHOHFWLYHODVHUPHOWLQJ3URGXFWLRQ
(QJLQHHULQJ9ROXPH1US
 30DUFHOLV-3.UXWK-35HVLGXDOVWUHVVHVLQVHOHFWLYH
ODVHUVLQWHULQJDQGVHOHFWLYHODVHUPHOWLQJ5DSLG3URWRW\SLQJ
-RXUQDO9ROXPH1US
 '5DGDM:HOGLQJ5HVLGXDO6WUHVVHVDQG'LVWRUWLRQ
&DOFXODWLRQDQG0HDVXUHPHQW9HUODJIU6FKZHLVVHQXQG
9HUZDQGWH9HUIDKUHQ
 $6LPFKL'LUHFWODVHUVLQWHULQJRIPHWDOSRZGHUV
0HFKDQLVPNLQHWLFVDQGPLFURVWUXFWXUDOIHDWXUHV0DWHULDOV
6FLHQFHDQG(QJLQHHULQJ9ROXPH1US
 -$*ROGDN0$NKODJKL&RPSXWDWLRQDO:HOGLQJ
0HFKDQLFV6SULQJHU
 05RPERXWV-3.UXWK/)UR\HQ,PSDFWRISK\VLFDO
SKHQRPHQDGXULQJVHOHFWLYHODVHUPHOWLQJRILURQSRZGHUV,Q
706$QQXDO0HHWLQJDQG([KLELWLRQ6DQ)UDQFLVFR&$86$
 2%LFHURJOX$60XMXPGDU$53YDQ+HLQLQJHQ:-0
'RXJODV7KHUPDOFRQGXFWLYLW\RIVLQWHUHGPHWDOSRZGHUVDW
URRPWHPSHUDWXUH/HWWHUVLQ+HDWDQG0DVV7UDQVIHU9ROXPH
1US
 :$-RKQVRQ5)0HKO5HDFWLRQNLQHWLFVLQSURFHVVHVRI
QXFOHDWLRQDQGJURZWK7UDQV$P,QVW0LQ0HWDOO(QJ
9ROXPHS
 /3DSDGDNLV$/RL]RX-5LVVH6%UHPHQ$WKHUPR
PHFKDQLFDOPRGHOLQJUHGXFWLRQDSSURDFKIRUFDOFXODWLQJVKDSH
GLVWRUWLRQLQ6/0PDQXIDFWXULQJIRUDHURHQJLQHFRPSRQHQWV,Q
95$3,QWHUQDWLRQDO&RQIHUHQFH/HLULD3RUWXJDO
 /3DSDGDNLV*%UDQQHU$6FKREHU.+5LFKWHU7$
8LKOHLQ1XPHULFDO0RGHOLQJRI+HDW(IIHFWVGXULQJ
7KHUPDO0DQXIDFWXULQJRI$HUR(QJLQH&RPSRQHQWV,Q
3URFHHGLQJVRIWKH:RUOG&RQJUHVVRQ(QJLQHHULQJ/RQGRQ8.
 .0XPWD]39RUD1+RSNLQVRQ$0HWKRGWR(OLPLQDWH
$QFKRUV6XSSRUWV)URP'LUHFWO\/DVHU0HOWHG3RZGHU%HG
3URFHVVHV$GGLWLYH0DQXIDFWXULQJ5HVHDUFK*URXS:ROIVRQ
6FKRRORI0HFKDQLFDO(QJLQHHULQJ/RXJKERURXJK8QLYHUVLW\
8.
 .0DVXEXFKL$QDO\VLVRIZHOGHGVWUXFWXUHVUHVLGXDO
VWUHVVHVGLVWRUWLRQDQGWKHLUFRQVHTXHQFHV3HUJDPRQ3UHVV
 60DULPXWKX'&ODUN-$OOHQ$0.DPDUD30DWLYHQJD/
/L56FXGDPRUH)LQLWH(OHPHQW0RGHOOLQJRI6XEVWUDWH
7KHUPDO'LVWRUWLRQLQ'LUHFW/DVHU$GGLWLYH0DQXIDFWXUHRIDQ
$HUR(QJLQH&RPSRQHQW3URFHHGLQJVRIWKH,QVWLWXWLRQRI
0HFKDQLFDO(QJLQHHUV3DUW&-RXUQDORI0HFKDQLFDO(QJLQHHULQJ
6FLHQFH
 &2YHU*HQHUDWLYH)HUWLJXQJYRQ%DXWHLOHQDXV
:HUN]HXJVWDKO;&U0R9XQG7LWDQ7L$O9PLW6HOHFWLYH
/DVHU0HOWLQJ6KDNHU$DFKHQ*HUQDQ\
 ,8FNHOPDQQ*HQHUDWLYH6HULHQIHUWLJXQJYRQLQGLYLGXHOOHQ
3URGXNWHQDXV&R&UPLWGHP6HOHNWLYHQ/DVHU6FKPHO]HQ
6KDNHU$DFKHQ*HUQDQ\
